Circadian oscillators allow individual organisms to coordinate metabolism with day/night cycles and to anticipate such changes. Such oscillators in fungi and animals share a common regulatory architecture centered on transcription and translationbased negative feedback loops. Within such oscillators, extensive coordinated and progressive phosphorylation of negative element proteins leads to their proteasome-mediated degradation. Current clock models posit that this turnover event is the final essential step in the loop and that the time taken to achieve phosphorylation and turnover determines the speed of the circadian clock. The clock
INTRODUCTION:
Circadian oscillators allow individual organisms to coordinate metabolism with day/night cycles and to anticipate such changes. Such oscillators in fungi and animals share a common regulatory architecture centered on transcription and translationbased negative feedback loops. Within such oscillators, extensive coordinated and progressive phosphorylation of negative element proteins leads to their proteasome-mediated degradation. Current clock models posit that this turnover event is the final essential step in the loop and that the time taken to achieve phosphorylation and turnover determines the speed of the circadian clock. The clock in Neurospora exemplifies such oscillators: FREQUENCY (FRQ) is a negative element, and its half-life is well correlated with circadian period length. Surprisingly, however, using real-time reporters in cells with compromised proteasomal turnover, we unveiled an unexpected uncoupling between negative element half-life and circadian period determination.
RATIONALE:
We followed FRQ dynamics as well as transcriptional activity of the frq promoter in vivo using luciferase-based reporters. FRQ turnover was tracked through Western blotting, and kinase inhibitors helped to test the correlation between phosphorylation and period length. Strains bearing frq alleles causing abnormal period lengths were used, as were strains with diminished FRQ turnover, including knockouts of both the F-box protein FWD-1 (a ubiquitin ligase that mediates FRQ proteasomal degradation) and individual components of the COP9 signalosome.
RESULTS: Without FWD-1, FRQ turnover is severely compromised and circadian regulation of development is lost; however, in such Dfwd-1 cells, the amount of FRQ still oscillated, the result of cyclic transcription of frq and reinitiation of FRQ synthesis. The circadian nature of these rhythms was confirmed by examining well-established frq mutants having altered periods. Analyses of additional strains bearing knockouts of individual COP9 signalosome components further confirmed circadian oscillations in FRQ amounts, despite compromised FRQ turnover. Broadly accepted oscillator models posit that negative element stability determines clock period length; thus, Dfwd-1 strains with long FRQ half-lives are predicted to have extremely long periods. This, however, is not seen: Period is mainly determined by the characteristics of the frq allele irrespective of the half-life of this negative element. Partial inhibition of overall phosphorylation provided additional evidence that clock protein phosphorylation events, not the resulting stability changes, provide key information in determining period length.
DISCUSSION:
The long-standing and assumed causal loop uniting clock protein phosphorylation, stability, and period determination should be revisited. Data indicate that qualities of FRQ-in particular, its phosphorylation status rather than its quantity-are crucial for determining when the circadian feedback loop is completed and can be restarted. Previously described strong correlations between clock protein phosphorylation and half-life and between half-life and period length are, in fact, just correlations that do not always imply cause and effect. Although degradation is the final outcome of FRQ posttranslational modifications, phosphorylation and its effects of secondary, tertiary, and quaternary protein structure may actually be the key elements determining clock speed. Although it may be premature to broadly generalize these findings to all circadian oscillators, diverse data from several animal circadian systems are not inconsistent with this revised model. 
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The mechanistic basis of eukaryotic circadian oscillators in model systems as diverse as Neurospora, Drosophila, and mammalian cells is thought to be a transcription-andtranslation-based negative feedback loop, wherein progressive and controlled phosphorylation of one or more negative elements ultimately elicits their own proteasomemediated degradation, thereby releasing negative feedback and determining circadian period length. The Neurospora crassa circadian negative element FREQUENCY (FRQ) exemplifies such proteins; it is progressively phosphorylated at more than 100 sites, and strains bearing alleles of frq with anomalous phosphorylation display abnormal stability of FRQ that is well correlated with altered periods or apparent arrhythmicity. Unexpectedly, we unveiled normal circadian oscillations that reflect the allelic state of frq but that persist in the absence of typical degradation of FRQ. This manifest uncoupling of negative element turnover from circadian period length determination is not consistent with the consensus eukaryotic circadian model.
C
ircadian clocks provide individuals with the ability to anticipate daily changes associated with the transition of day to night (1, 2) . In organisms as diverse as humans, mice, fungi, insects, cyanobacteria, and plants, the molecular components of the circadian clocks have been identified in molecular detail (1, (3) (4) (5) (6) . In eukaryotes, the circadian oscillator underlying these subcellular clocks is generally viewed as comprising transcription and translation-based negative feedback loops (TTFLs) with interconnected feedback loops (1) . Although posttranslational oscillators have been described (7, 8) , their generalizability is still being tested. Thus, in the circadian paradigm for fungi and animals, (Per-Arnt-Sim) domain-containing transcription factors drive the expression of genes [e.g., frequency (frq), period (per)] whose products lead to the inhibition of their own transcription; only after degradation of these products can reinitiation of the cycle begin, and period length is thus obligately coupled to turnover kinetics of clock proteins (9) (10) (11) (12) (13) . In the case of Neurospora crassa, transcription of the frq gene encoding the negative element FRQ is controlled by the White-Collar complex (WCC, the positive element), a heterodimer of PAS-containing GATA transcription factors White Collar-1 (WC-1) and White Collar-2 (WC-2). Beginning shortly after its synthesis, FREQUENCY (FRQ) is progressively phosphorylated, finally reaching a multiphosphorylated (hyperphosphorylated) state that leads to its proteasome-mediated degradation (14, 15) . Such changes, including timely turnover, are thought to underlie the daily rhythms in negative element abundance and phosphorylation that characterize eukaryotic circadian oscillators (13, 16) .
More specifically, data supporting the importance of phosphorylation dynamics to clock protein turnover and period determination come from animals (10) and Neurospora (14, 17, 18 ) in which precise spatiotemporal arrangement of phosphorylation events dictates period and controls negative element stability. A key aspect in FRQ degradation is the association of its hyperphosphorylated isoforms with FWD-1, the substrate-recruiting subunit of an SCF (SKP/Cullin/ F-box)-type ubiquitin ligase that facilitates FRQ ubiquitination and presentation to the proteasome (17) (18) (19) (20) (21) . FWD-1 is the ortholog of mammalian b-TrCP (22) and Drosophila Slimb (23, 24) , which have similar roles in those circadian systems. That FRQ stability is a determinant of period length has been supported by the fact that strains bearing long-period frq alleles display a more stable FRQ, whereas this protein exhibits decreased half-life in strains with shorter periods (9, 14, 17, 18) . Consistent with this, mutant strains in which ubiquitin-dependent proteasomal degradation of FRQ is severely altered show neither overt rhythms nor molecular circadian rhythmicity in FRQ abundance, as detected by Western blotting (15, 19, 25, 26) . Also consistent with this model, mutations of genes encoding Neurospora COP9 signalosome components lead to destabilization of FWD-1, impairment of FRQ degradation, and apparent loss of both overt and molecular rhythmicity (25) (26) (27) .
Results

Circadian rhythms in the absence of proper FRQ degradation
Overt circadianly regulated developmental rhythms (daily spore production) are reported to be lost in Dfwd-1 mutants (19) . Codon-optimized luciferase developed for Neurospora can report in vivo, and with high precision, frq expression dynamics or changes in abundance of FRQ, by the use of transcriptional (an ectopic construct in which the frq promoter controls luciferase expression) or translational (luciferase fused to the C terminus of the FRQ protein, frq luc ) reporters (6, (28) (29) (30) . We therefore crossed Neurospora frq luc to a Dfwd-1 strain to assess whether, under freerunning conditions, FRQ protein displayed residual regulation. We confirmed the absence of overt developmental rhythms (Fig. 1A) . But, to our surprise, dynamic analysis of bioluminescence revealed oscillations in LUC activity-a direct measurement of FRQ-LUC synthesis given the short in vivo half-life of LUC (28)-in Dfwd-1 cells (Fig. 1, B to D, and movie S1), this despite the presence of high amounts of hyperphosphorylated FRQ and attenuated turnover ( fig. S1 and Fig. 2A ). This suggests that complete or even substantial daily turnover of the negative element in the circadian clock, here FRQ, was not required to relieve the negative arm of the feedback loop in order to reinitiate new cycles of FRQ synthesis. We explicitly tested this possibility, confirming biochemically that, as described (19) , abundance of FRQ in liquid cultures does not display detectable cycling in strains lacking FWD-1 (Fig. 2, A  and B) . Nevertheless, if synthesis of FRQ-LUC was dynamically tracked in vivo by measuring bioluminescence in 96-well plates, rhythms were evident in the Dfwd-1 strain (Fig. 2C) . To further validate that the Dfwd-1 strain behaved as reported (19), we confirmed its genotype by polymerase chain reaction (PCR) and examined FRQ abundance by Western blot and by luciferase activity after blocking protein synthesis ( fig. S1 ). In the absence of FWD-1, FRQ degradation was reduced and amounts appear elevated, consistent with previous work (19, 31) . Our results, therefore, are incompatible with the current TTFL paradigm as applied to Neurospora and, taken at face value, compel a revised model in which FRQ stability as measured by its degradation rate is not a period determinant.
FRQ-LUC oscillations correspond to bona fide circadian rhythms
To confirm that rhythms in abundance of FRQ-LUC rely on a functional FRQ-WCC circadian oscillator, we tested this reporter in a strain carrying a point mutation in FRQ-interacting RNA helicase (frh) that leads to a clock-null phenotype (6, 32) . In this strain, LUC levels were erratic, with no hints of rhythms, validating a central role for FRH (32, 33) in the FRQ-WCC oscillator ( fig. S2 ). In addition, when examined in a WCC-deficient strain, amounts of FRQ-LUC were extremely low and arrhythmic ( fig. S2 ). Taken together, this revalidates the frq luc system (30) as a reliable reporter of the Neurospora circadian oscillator.
FRQ-LUC oscillations in strains lacking the COP9 signalosome
To confirm that these results were not restricted to only FWD-1 loss-of-function strains, we examined rhythms in strains bearing mutations in one of several components of the COP9 signalosome (CSN), which is required to deneddylate and thereby stabilize the class of SCF E3 ubiquitin ligases for which proteins like FWD-1 facilitate substrate recognition (34) . For instance, loss of CSN-2 reduces CSN activity, causing a sharp decrease in amounts of FWD-1, and therefore stabilizing FRQ (25) . This strain shows no rhythms in bulk FRQ amounts, and overt circadian rhythms are replaced by unstable developmental rhythms having periods between 40 and 60 hours (25) . In our hands, analysis of rhythmic spore production (race-tube assay) ( Fig. 1 ) of the Dcsn-2 strain confirmed the loss of overt circadian rhythms and the presence of unstable long-period cycles in conidiation, whereas real-time quantification of FRQ synthesis using the frq luc reporter confirmed the coexistence of both circadian and developmental rhythms of differing period lengths ( fig. S3 , and movie S2). Thus, in Dcsn-2 cells, although stability of FRQ is increased (25) , circadian rhythms in FRQ expression are still readily detectable; overt circadian developmental rhythms, however, are masked by long-period developmental cycles, a scenario similar to that in the Neurospora chol-1 mutant (29) . In light of recent reports that other CSN components influence FRQ stability and compromise both molecular and overt circadian rhythms (26, 27) , we also examined those strains for cryptic circadian rhythmicity with the frq luc reporter.
In agreement with what we had observed for Dcsn-2, we confirmed circadian rhythms in Dcsn-1, Dcsn-4, and Dcsn-5 strains ( fig. S4 ), providing additional evidence of circadian rhythms despite altered FRQ stability.
Synthesis of new FRQ in the presence of hyperphosphorylated FRQ
In general, Neurospora circadian protein expression analyses have used samples from liquid cultures (35) . Because the luciferase assays reported herein were conducted on agar plates, we confirmed that media conditions (solid versus liquid) are not producing major differences in FRQ stability. Comparisons of FRQ abundance in wildtype (WT) and Dfwd-1 strains grown on solid media confirmed that, as observed for liquid cultures, degradation of FRQ was impaired in the absence of FWD-1 ( fig. S5A) cultures. In the aggregate, these results confirm that new FRQ can be produced in a timely manner even in the presence of hyperphosphorylated FRQ and that although FRQ degradation is impaired, molecular rhythms can still persist.
frq expression in Dfwd-1 reflects the allelic state of the oscillator To further corroborate the existence of a functional circadian oscillator in strains devoid of fwd-1 (Dfwd-1), we employed a reporter in which only the frq CLOCK-Box of the frq promoter (36) drives luc expression (frq c-box -luc) (Fig. 3) . Rhythms were visualized in these strains, indicating that the WCC is active and therefore can still drive transcription from circadian cis elements even in the presence of high amounts of FRQ.
That these rhythms depend on the circadian oscillator in the normal manner was evidenced by the characteristic systematic alteration of period length seen in strains bearing various frq alleles, whether or not they were devoid of FWD-1. Rhythmicity persisted in the absence of proper FRQ turnover in Dfwd-1, displayed a long period in the presence of long-period frq alleles such as frq 7 or frq
S548A
, and was short in the presence of short-period alleles such as frq 1 or frq S900A (Fig. 3  and table S2 ). However, periodicity was influenced by FWD-1, although the variation appeared to show no obvious pattern: Loss of FWD-1 altered the pe- (Fig. 3, B and C) . Loss of FWD-1 even made an arrhythmic strain rhythmic (frq 5xS➔D , having clustered S to D mutations at phosphorylated residues S538, S540, S541, S545, and S548 within the PEST1 region (17) (Fig. 3C) .
Half-life of FRQ is a correlative measurement, and not a determinant factor, of period length
The above-mentioned results emphasized the unforeseen nature of these circadian rhythms: The period alterations in strains such as frq frq S900A have been explained by changes in FRQ stability, and indeed FRQ half-life strongly correlates with period in these strains (9) (Fig. 4) in a manner similar to the correlation of locomotor rhythm period with PER half-life in Drosophila (13). That is, although in a WT Neurospora strain with a period of about 22 hours FRQ had a halflife of close to 2.8 hours, in frq 7 cells (period 29 hours), FRQ half-life was about 3.8 hours, whereas in frq 1 cells (period~16 hours) half-life was~2 hours (9), yielding a strong correlation (Fig. 4D) . However, examination of Dfwd-1 strains confirmed that, in agreement with previous reports (19) , FRQ half-life is increased (Fig. 4, A and  B) . Current models would predict that these increased half-lives would yield circadian periods of 39 hours or more (Fig. 4C) . Instead, for all six frq alleles examined, we observed that period lengths in the absence of fwd-1 remained close to those reported for turnover-proficient strains. Similar apparent inconsistencies between observed period length and stability can be found in the literature for other clustered FRQ phosphosite mutants that appear to cripple FRQ degradation without undue effects on clock-signaling phosphorylations (18, 37, 38) , as well as the presence of altered FRQ profiles in overtly rhythmic strains (18) . Although period was not unaffected by loss of FWD-1, a finding consistent with possible side effects of its loss on other cellular proteins, the decisive finding is that period length is not correlated with FRQ half-life: Clock protein stability does not determine clock period length and, in this canonical TTFL, the circadian negative element does not have to be completely or even substantially removed to release repression by the negative arm of the circadian feedback loop.
Inhibition of kinase activity lengthens period independently of FRQ stability
We and others were initially led to hypotheses positing an essential role for protein turnover in the clock, both from the observed rhythms in negative element abundance-among the first and most solid generalizations to arise in the comparative molecular clocks literature (1-3, 10, 11)-and also from the clear cycles in phosphorylation of negative elements that precede turnover (14) . Thus, given the inescapable conclusion from our data that total clearance of the negative element is not an essential step in the TTFL, we were led to reexamine phosphorylation. We used 6-dimethylaminopurine (6-DMAP), a broadspectrum kinase inhibitor that blocks clock protein phosphorylation, and examined its effects in both WT (fwd-1 + ) strains and in Dfwd-1 strains deficient in clock protein turnover. Consistent with previous data (14 ) , we observed that 6-DMAP lengthened period in a dose-dependent manner and did so independently of changing the inherent stability of FRQ as influenced by FWD-1 (fig.  S6, A and B) . Inhibition of kinase activity also had similar effects in the long-period frq 7 mutant that has a more stable FRQ protein ( fig.  S6 ), but the pertinent question in light of the clock model is whether this period lengthening is accompanied by changes in FRQ stability. We examined FRQ stability in two concentrations of inhibitor that lengthen period (150 mM and 250 mM 6-DMAP) in three genetic backgrounds and found that the period lengthening was not accompanied by stabilization of FRQ, as previous models would predict ( fig. S7, A to D) . We reconfirmed published data (14) showing that higher doses (5 mM of 6-DMAP) can stabilize FRQ, but note that the stabilization effect was reduced in Dfwd-1 strains in which FRQ has already been stabilized by loss of its primary connection to the proteasome ( fig. S7, E and F half-life of a circadian negative element is a correlative measurement, and not a determinant factor, of period length.
Discussion
Revaluating the relation between FRQ half-life and period determination
Our data lead us to several seemingly inescapable conclusions. One is that the long-standing relation between clock protein phosphorylation, clock protein stability, and period determination ought to be revisited. The data indicate that it is the qualities of FRQ rather than its quantity that are crucial and that the strong correlations between clock protein phosphorylation and half-life and between half-life and period length are, in fact, just correlations that do not imply in all cases cause and effect. Equally important is the related conclusion that clock proteins such as FRQ acting as negative elements do not need to be mostly eliminated by turnover before the next cycle of their synthesis can start. Thus, although degradation is the final outcome of FRQ posttranslational modifications, phosphorylation may be the key mechanism determining clock speed and the point at which the next cycle of frq synthesis is initiated. Figure 5 presents a cartoon context summarizing both the obligate and the associated events in the circadian cycle as an aid in viewing these distinctions. Our data indicate two general classes of conceptual phosphorylation events on a clock protein, clock-signaling phosphorylations (CSP) and termination-signaling phosphorylations (TSP). In this model, clock speed is dictated by the rate at which a sequential series of CSP-and the associated secondary, tertiary, and quaternary structural as well as intracellular localization changes resulting from these CSP-take place in and among the clock protein complex of FRQ/FRH/CK1/WC-1/ WC-2 (17) . Under normal circumstances, these sequential CSP events will lead inexorably to TSP and to degradation of the negative element (e.g., FRQ) that may ordinarily be extremely rapid (unless strains have impaired protein turnover). However, once CSPs are completed, the rate of clock protein turnover per se is not a factor in determining circadian period length. This allows many predictions, among them that mutations causing a long period may delay CSP (pre-TSP) either directly by affecting phosphorylation sites or by eliciting structural changes that delay some key phosphorylation events. In this context, longer halflife of the clock protein does not cause a longer period by delaying the subsequent onset of new clock protein synthesis but rather is a consequence of a delayed cascade of phosphorylation events (including, necessarily, TSPs).
Predictions derived from the proposed model
This model provides novel perspectives and makes several predictions. For instance, clearance of the TTFL negative element (here FRQ) is not required before reinitiation of its synthesis (Fig. 2) ; changes in phosphorylation, turnover, and period length do not need to be correlated (Fig. 4) ; and a broadspectrum kinase inhibitor can lengthen period without changing negative element stability (figs. S7 and S8). We predicted that CSP and TSP would be distinct and identifiable; however, this was problematic. For instance, TSP (sensu stricto) were predicted to alter stability but not period and might include the "recreational phosphorylation" sites in FRQ (17), especially those residues phosphorylated late in the cycle whose mutation has no effect on period. However, these have not been seen, perhaps because phosphodegrons act as charged domains rather than as just one or two charged amino acids. The distinction between CSP and TSP may, however, explain the anomalous frq 5xS➔D mutant (Fig. 3C ) whose arrhythmicity is suppressed by Dfwd-1. The revised TTFL model would view these mid-to late-cycle PEST1 region phosphorylations (17) primarily as CSP that lead to later separate events, including degradation. In Dfwd-1, mutation of these serines to phosphomimic aspartates propels a premature closing of the negative arm and a shorter than WT period length. CSPs would also include phosphorylations that regulate the ability of the negative element to act as a repressor. For instance, hyperphosphorylated FRQ interacts poorly, if at all, with the WCC (17) or with CK1a (39) and is impaired in repression of WCC activity (40) , all consistent with a clock that has become blind to FRQ after all CSPs have been achieved. Premature phosphorylation can influence period by affecting CSP or stability, but once CSPs of the negative element deactivate its SCIENCE sciencemag.org 30 JANUARY 2015 • VOL 347 ISSUE 6221 1257277-5 Fig. 5 . A model describing distinct roles for clock protein phosphorylation and degradation through time. Essential events in the circadian cycle are shown within the shaded clock face. In the late night, WC-1 and WC-2 interact via PAS domains and assemble as the WCC at the Clock-box on the frq promoter to drive transcription, which leads to WC-1 destabilization. FRQ is expressed as a largely unstructured protein, adopting a defined and functional structure as it dimerizes and forms a complex with FRH (6). As part of this complex, CK1 is recruited (17) . Hypophosphorylation of FRQ begins the CSP, whose kinetics determine the long time constant of the cycle, thereby setting circadian period length. FRQ promotes phosphorylation of WC-1 by CK1 and other kinases, eventually reducing frq expression to low levels and thereby stabilizing WC-1. Phosphorylated WCC leaves the frq promoter. As FRQ becomes hyperphosphorylated, it loses its ability to interact with CK1 (39) and WCC (17) , becoming therefore a weak repressor of WCC (40) . In addition, dephosphorylation of WCC, as well as new synthesis of these proteins, provide active WC-1 and WC-2 to reinitiate the cycle. Independently, and with kinetics that do not affect timekeeping, TSPs on FRQ lead to its recognition by FWD-1 and its associated cullin-SCF complex, leading to FRQ ubiquitylation and turnover in the proteasome.
ability to repress, later phosphorylations can no longer affect clock function.
It is premature to broadly generalize these findings to all TTFLs; however, data from animal clocks are not inconsistent with these ideas. For instance, phosphorylation of Drosophila PER (dPER) by Doubletime kinase (DBT) at Ser47 (S47), a key step in controlling the speed of that clock, elicits phosphorylation of nearby residues to generate a high-affinity atypical SLIMBbinding site that leads to PER turnover (12) . Ablation of SLIMB is correlated with constitutively high amounts of negative elements and behavioral arrhythmicity (23) ; however, a dPER S47A mutant showing reduced affinity for SLIMB and a long period length displayed persistent multiply phosphorylated dPER at all times of day, including times coincident with cyclical synthesis of new PER; this result is most straightforwardly interpreted as reinitiation of new PER synthesis in the presence of inactive old PER (12) . The existence of such a class of PER invisible to the feedback loop is a prediction from the revised model, and identification of DBT-driven phosphorylation of S47 as a perioddetermining step (CSP in our terminology) does not contradict the revised model presented here. Although in most cases in Drosophila, alterations in period have been attributed to changes in PER degradation rates, the effect of some mutants such as DBT S cannot be simply explained by effects on PER stability (13) . In mammals, epistasis among mutations that impact the stability of PER and CRY proteins is unexpectedly absent (41) . Consistent with data from Neurospora, including those reported here, inhibition of kinases (casein kinase I, among others) in animals reliably lengthens circadian period in whole organisms or in cell lines by up to 6 hours (10, 16-18, 22, 37, 42, 43) ; although these data are usually interpreted in terms of phosphorylation promoting F-box protein substrate recognition leading to turnover, the effects of reduction of these F-box protein levels have been less consistent. Knockdown of b-TRCP1 lengthened rhythms in NIH3T3 cells by onlỹ 1 hour (42), and the circadian period of b-TrCP1 homozygote knockout mice is identical to that of WT animals (43); in contrast, knockdown of b-TRCP2 in U2OS cells leads to more dramatic period lengthening that is further enhanced when RNA interference is directed to both b-TRCPs (44). Mutation or knockdown of FBXL3 leads to increased CRY1 amounts and marked period lengthening (44) (45) (46) , an effect that can be minimized by suppressing FBXL21 expression (47, 48) ; both results suggest that CRY1 levels and stability mediate the period effect. However, changes in CRY1 stability observed by eliminating FBXL21 alone (an F-Box protein that stabilizes CRYs) or in combination with FBXL3 (47), or by mutating phosphosites within CRY1 (49), do not clearly correlate with the observed changes in period. Plausible explanations for some of these data may exist, among them possible paralog compensation, cellular compartment-specific effects, or effects of F-box protein ablation on proteins other than PERs and CRYs; however, another possibility is that in these strains it is the phosphorylation status per se of the clock proteins that is crucial, rather than the derivative effects of phosphorylation on their stability or the timing of their ultimate turnover, each of which can be uncoupled from period determination. It may be that in these systems, the heretofore obligate coupling between clock protein stability and period determination, as well as the requirement of negative element turnover to reinitiate the circadian feedback loop, warrant a closer look.
Materials and methods
Strains
Strains used in this study are listed in table S1. Knockouts for csn components, fwd-1 or wc-1, generated by the Neurospora functional genomics program (50) ) or other mutant frq alleles based on this knock-in construct have already been described (17) , as well as the frh R806H mutant (32) . Crosses between reporter strains and strains of interest were conducted as described in www. fgsc.net/Neurospora/NeurosporaProtocolGuide.htm and www.fgsc.net/methods/stanford.html. For race-tube analyses, progeny bearing the ras-1 bd allele [as determined by PCR (52)] were selected. Importantly, we did not observe differences between ras-1 wt or ras-1 bd in luciferase analyses. The reporter strains used in these studies correspond to (i) A frq luc translational fusion in which the luc sequence has been fused in frame to the secondto-last codon of the frq gene, as already reported (30) , and (ii) a reporter in which the Clock-box of the frq promoter (53) drives the expression of luc (28) . Briefly, this construct, called frq c-box -luc, contains a modified promoter region present in plasmid pAF 45 (36) , where the pLRE (proximal light regulatory element) has been mutated, whereas the dLRE (Clock-box element) has been left intact (36) . This reporter plasmid, which contains a resected frq promoter, was transformed into a Neurospora histidine auxotrophic strain (no. 87-74, ras-1 bd his-3), thereby targeting the transgene to his-3, and then backcrossed to strain 74A. Progeny from this cross were selected, genotyped, and used as a parental in the crosses described in this study. Genotypes of the different strains used herein were confirmed by PCR (see below).
Culture conditions
Race-tube studies were conducted as previously described (14) . Liquid culture media (LCM 2%) consisted of 2% glucose, 0.5% arginine, 50 ng/ml biotin, and 1x Vogel's salts. Circadian cultures and FRQ degradation experiments were performed as already reported (14, 54) . Race tubes that were examined for bioluminescence were supplemented with a sterile luciferin solution to a final concentration of 25 mM. Solid LCM 2% media refers to LCM 2% supplemented with 1.5% agar.
For in vivo monitoring of bioluminescence in multiple strains, 96-well plates were used. Liquid nitrogen-cooled charge-coupled device (LN-CCD) media (0.03% glucose, 0.05% arginine, 50 ng/ml biotin, 1.5% agar, and 25 uM luciferin) supplemented with quinic acid (QA) (to a final concentration of 0.01 M) were used as solid media for the 96-well plate assays throughout the studies. Although quinic acid does not affect the Neurospora circadian clock (55), we found it to dramatically increase the amplitude of the luciferase reporter signals when performing assays in 96-well plates, probably due to an increase of a metabolizable carbon source. Routinely, three wells were inoculated for each strain, using a freshly prepared spore suspension. Plates were covered with a sterile film permeable to O 2 and CO 2 (USA Scientific) and incubated at 25°C under constant light in a Percival incubator, before transferring to DD conditions to be examined for dynamic luciferase expression. 6-DMAP (Sigma) was added to liquid or solid media in the concentrations indicated.
Protein analyses from solid media cultures
Analyses were performed from samples grown on Petri plates containing agar media, as described above (LN-CCD + QA). These plates were overlaid with sterile wet cellophane, on top of which, at the center of the plate, 5 ml of a 10 5 -spore suspension were inoculated. Plates were kept in an upside-up position at 25°C LL (constant light) for 4 hours, after which they were transferred to DD (constant darkness) conditions to then be harvested after a conventional staggered culture protocol schedule (35) . For FRQ stability analyses, plates were grown for 36 hours in 25°C LL, previous to the transfers until completing 12 hours in DD. To harvest the biomass, a microscope slide was used to collect the fungal tissue growing on top of the cellophane and frozen immediately in an Eppendorf tube in liquid nitrogen. Samples were then processed for protein extraction.
Luciferase-based analyses
Bioluminescence analyses were conducted using either a VersArray 1300B or a 1024B PIXIS CCD system from Princeton Instruments. Both cameras were housed within Percival incubators, under constant dark conditions and constant temperature (25°C). The cameras are controlled with the WinView software (Princeton Instruments), and acquisition times were set to 10 min with a 20-min delay between images (two frames per hour). Data from the image series were extracted with a customized macro developed for ImageJ (http://rsbweb.nih.gov/ij) and customized with an Excel interface. Data were plotted as raw bioluminescence or normalized by dividing each frame of an individual region of interest (ROI) by the average luminescence registered in that particular ROI over time. Period determination was assessed with the BRASS software (Biological Rhythms Analysis Software System, P.E. Brown, Warwick University).
